The experimental characterization of panels vibration under a turbulent boundary layer 2 (TBL) excitation is of great interest for the transport industry and for researchers studying increases, the number of reproduction sources thus becomes very large and then prohibitive.
13
A synthesis of the TBL excitation focussed on a subdomain of the simulation surface [4] 14 helps reaching higher frequencies while ensuring correct reproduction of the TBL excitation, 15 but limits the observation area to a fraction of the actual panel. Also, some of the proposed 16 methods [5, 6] are not able to accurately reproduce the TBL-induced wall-pressure field 17 outside the acoustic wavenumber domain, where the most energetic components of a subsonic 18 TBL are yet located and should be taken into account.
19
In this context, this study investigates an alternative approach to experimentally predict for which the theoretical CSD functions are well defined [8] , various models of the TBL excitation [9, 10] exist but none of them is able to accurately describe the WPF induced by 65 a TBL excitation on a large wavenumber range. These models are mostly semi-empirical and 66 can thus be adjusted through parameters like decay rates and convective wavenumber. As 67 there is no clear consensus in the literature regarding universal values for these parameters 68 and/or the model to be used, the WPF of the excitation considered in this study has been 69 measured and used to fit the model of Mellen [11] .
70
The paper is organized as follows: the mathematical formulation of the vibration problem 71 is presented in Sec. II A, and the sensitivity functions involved in the problem are defined in 
80

II. PROPOSED METHOD FOR ESTIMATING THE VIBRATION RESPONSE
81
OF PANELS UNDER A TURBULENT BOUNDARY LAYER EXCITATIONS
82
Let us consider a baffled panel of surface Σ p with arbitrary boundary conditions. As illus- To characterize the vibration response of the panel under this excitation, the one-sided 97 normal vibration velocity spectrum v(x, f ) at point x is considered, where f is the frequency 98 and is considered positive. As the excitation is random, this quantity is derived from the 99 normal velocity auto-spectral density (ASD) function G vv (x, f ). An approach for evaluating 100 this quantity based on deterministic transfer functions and making use of the reciprocity 101 principle has been thoroughly presented in [7] and is briefly summarized in Secs. II A and 102 II B.
103
A. Mathematical formulation of the vibration response
104
The one-sided frequency ASD function of the velocity G vv (x, f ) at point x can be ex-105 pressed as the following inverse space-wavenumber Fourier transform:
where
where k = (k x , k y ) is the wavevector defined in the plane (x, y).
corresponds to the CSD function of the WPF on the excitation side (for instance a TBL response of the panel at point x due to a plane wave excitation with a wavevector −k (as 114 illustrated in Fig. 2(a) ).
115
Eq. (1) finite set of wavevectors k ∈ Ω k (using the rectangular integration rule). The one-sided 120 frequency ASD function of the velocity at point x is thereby estimated with
where δk represents the wavenumber resolution. To evaluate this quantity, the sensitivity
122
functions H v for wavenumbers belonging to Ω k have to be determined.
123
B. Sensitivity functions based on the reciprocity principle
124
In its most general form, the reciprocity principle states that the response of a system 125 is invariant with respect to the exchange of excitation and observation points [14] . For the 126 particular case of a normal force applied at pointx and normal velocity observed at point 127 x, the reciprocity relationship can be translated following the previous notations into [15] 128
Introducing Eq. (4) in Eq. (2) one obtains
The right hand side of Eq. (5) can be interpreted as the space-wavenumber transform of using the reciprocity principle.
139
In practice, the vibration field has to be measured on a regular grid of points denoted 
183
These measurements will then be used to fit the model of Mellen in Sec. III B. et al. [18] .
188
The array is composed of 61 microphones of three different types in order to reach the to [18] ).
194
The pattern over which the 61 microphones are positioned (red markers in Fig. 3 microphones (both signals were identical) was compensated in all resulting measurements.
213
Once the signals are expressed in the frequency domain, as a time offset has been applied,
214
the phase calibration was effective regardless of the frequency. The considered TBL-like excitation is reproduced in a low-speed anechoic wind tunnel.
217
The installation consists in a closed-loop wind tunnel powered by two rotating fans. The 
227
The reconstructed microphone measurement grid theoretically allows reaching a maxi- 
234
The spatial CSD functions of the wall-pressure fluctuations
as a function of the spatial separations (ξ x , ξ y ) in both x and y directions using the " cpsd "
236
MATLAB command with a fixed reference point at the center of the array (x = 0, y = 0).
237
For the remainder of this paper, the " cpsd " MATLAB command was defined with a Hanning 
246
With this in mind and for computation time to be reasonable, the measurements were 247 fitted to the model of Mellen [11] in the spatial domain
where 252
The model of Mellen has been chosen because, like the Corcos model, it can easily be 253 adjusted by estimating α x , α y and k c which is directly related to the convection speed U c .
254
Also, the convective peak in the model of Mellen expressed in the wavenumber domain has 255 an oval shape which is in better accordance with the measurements, as opposed to the model
256
of Corcos which has a diamond-like shape [9] .
257
In order to estimate the decay rates (α x , α y ) and convective wavenumber k c , the consid- 
301
Under the assumption of a spatially homogeneous TBL, the auto-spectrum of the wall-302 pressure should be invariant with the observation point. In reality, our measurement results
303
indicate that the auto-spectrum varies (essentially in the streamwise direction). In the pro- 
335
In this work, the methodology described in Sec. II C was implemented at a given, arbitrary wavenumber k c . These two wavenumbers are defined by:
is the flexural rigidity and,
where U c is the convection speed which has been extracted from measurements of the wall- value of the sensitivity functions have been plotted in Fig. 9 (a) at point x, as a function of 351 k x (k y = 0) and as a function of the frequency (see [7] for details on the numerical model).
352
The strongly decreasing magnitude of |H v (x, k x , f )| 2 above the flexural wavenumber can be the curve k c (f ) and therefore, the less the plate filtering effect is effective.
367
In order to fully characterize the filtering effect of the plate, this study has been performed 
385
To apply the methodology described in Sec. II C, the panel velocity field has to be mea- x and y respectively and a gap of 1 cm along the edges was left for practical reasons. This in directions x and y, respectively, are given by
The chosen discretization prevents significant spatial aliasing and thereby ensures a cor- in directions x and y respectively, are given by
These wavenumber resolutions are relatively large because of the small dimensions of the 398 panel. In order to improve the wavenumber resolution, zero-padding was used to obtain a 399 wavenumber resolution of 1 m −1 along k x and k y .
400
B. Experimental sensitivity functions
401
The accuracy of the reciprocity approach for evaluating the panel sensitivity functions
402
has been assessed in [7] for wavenumbers restricted to the acoustic wavenumber circle (of 
412
The sensitivity functions of the panel have been estimated from measurements based on 413 the methodology described in Sec. II C. A normal effort was applied at point x using a 414 TMS SmartShaker K2007E01 with integrated amplifier, which was fed with a swept sine 415 over the considered frequency range and the force was measured using an impedance head
416
PCB288D01. An adapter was used between the impedance head and the plate reducing 
426
Since the plate is considered isotropic, its vibration behavior is similar in both direction the TBL excitation generated in the wind tunnel.
449
On the one hand, the vibration velocity of the plate was measured at point x using a 450 PCB 353B18 accelerometer, the acceleration signal over time was extracted from the post- adding a mass to the system. It can also be explained by the fact that the sensitivity 466 functions were not measured on the same plate as the plate installed in the wind tunnel to 467 directly measure the response. Despite all efforts made to have two identical panels, slight 468 differences in dimensions, material properties and boundary conditions were unavoidable.
469
The structural damping is implicitly taken into account through the measurement of the 
513
Once the excitation is characterized, the overall cost for a measurement in a given facility 514 as well as variability between measurements in different ones can be greatly reduced using 515 the proposed approach.
516
The strongest asset of the proposed methodology is that it allows performing an ex situ 
